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Part I:

* An hadronic model of QCD: the eLSM

« Study at nonzero density

* Inhomogenoeus condensation: chiral density wave

Part Il:

« A lattice-like approach for arbitrary inhomogenoeus condensation
« Applications to 1+1 dimensional models

Application to the NJL model
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» Quark-antiqguark mesons: scalar, pseudoscalar, vector and axial-

vector quarkonia.
» Additional mesons: The scalar and the pseudoscalar glueballs

« Baryons: nucleon doublet and its partner

(in the so-called mirror assignment)

We construct the Lagrangian of the so-called Extended Linear Sigma Model
(ELSM) according to

chiral invariance and dilatation symmetry and their explicit breakings.
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Model of QCD — eLSM LJUrsersut@t
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Results of the fit (11 parameters, 21 exp. quantities) LJ (
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Microscpic Overall phenomenology is good. Further quantities
calculated afterwards.
£ Scalar mesons ao(1450) and Ko(1430) above 1 GeV and are
eLSM ; quark-antiquark states. The chiral partner of the pion (the o) is fo(1370).

Importance of the (axial-)vector mesons
Francesco Giacosa



Baryon sector in the EISM L
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Nucleon and its chiral partner; chiral symmetry and dilatation invariance

(Axial-)vector mesons are included

Mirror assignment: (C. De Tar and T. Kunihiro, PRD 39 (1989) 2805)
\PI,R % UR\PI,R \PI,L % UL\PI,L

\112,R % UL\PZ,R \112,L % UR\PZ,L
A chirally invariant mass-term is possible!

m, (gl,L\PZ’R — @I,R\IIZ,L — @2,L‘I’LR + @2,R‘I’1,L )

T A - ﬁlLi’Y,&DfL\Ile + WlRZ"Y,uDiLRlelR + E2[,Z‘7,uDSR\IJZL I E2RZ‘”Y;LD5LXPQR
— 1 (V1,901 4+ U 1p@TW L) — G (Vo @TWon + Wop®Var) + Linass
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Mass of the nucleon U(
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s A 2 AN e
‘ — o) d N = N(940)

my N+ = my 1 N*= N *(1535)

If m, =0 — only the quark condensate generates the masses. my ~ 0

m, =460%136 MeV

Using g} =1.26 (exp), g} =0.2 (latt)and I ~ 67 MeV

*>SNx

Details in S. Gallas, F. G., D. H. Rischke, Phys.Rev. D82 (2010) 014004, arXiv:0907.5084

m, parameterizes the contribution which does not stem from the quark condensate
Crucial also at nonzero temperature and density
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Test: pion-nucleon scattering lengths L,Lm.uumt@t

Humanistyczno - Przyrodniczy
Jana Kochanowskiego w Hielcach

- -,
- ¥ o # ¥
¥ i ¥ - b
¥ r o s *
* ¥ i r -
# r - ?
* ¥ ¥ »
- ¥ ¥ ¥
¥ ¥ ¥ -
1 ¥ r *
f) M ’
i“ 'f Fl ' . i
L ',' ’ ” "‘ "'
o
P ST RERN | * R
.0‘ ‘I ' 1I1| oA
* * ‘1- * Py *
S
A o . Y
L * . 1
a 1 A !
» + *
% %
. * . - ‘l
Al L ]
N | . b \
+ -
. + E . -
N N :

N T

a; =(6.04£0.63)-10* MeV"  a;” = (6.4%0.1)-10™* MeV "

a; = (from—20t0+20-10*)MeV"' a; =(-8.847.2)-10™ MeV "
Large theoretical uncertainty due to the scalar-isosocalar sector

Importance of both vector mesons and mirror assignment in order to get these results
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What we are studying rigth now in the vacuum: L
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p+p—>p+p+X

X =w,n,lepton pair,...

Many diagrams to calculate; the advantage is : chiral symmetry (and also g.i.) built in.

p+p—o>pt+pt+w

s5 section [mb]
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Basic considerations for nonzero density L,Uwuersut@t
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The o-field of our model corresponds to the resonance fo(1370)
...and not to the lightest scalar resonance fo(500).

The question is: what is fo(500) and, more in general, what are
the scalar states below 1 GeV?

A good phenomenology (masses and decays) is achieved when
interpreting the light scalar states as tetraquarks: f,(500) = [u,d ][u,d ]
(bound states of a diquark and an anti-diquark)
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Back to nucleons: where does mo comes from? U(
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m, (@M‘Pz,[e — @1,R‘PZ’L — @2,L‘PLR + @2,R‘I’LL )

By requiring dilatation invariance one should modify the mass-term as:

aZ(@LL\Pz,R — El,R\PZ’L — EZ’L‘PI,R + Ez,R\PLL )

Tetraquark
New field: fo(500)

Byshifting: y = ¥, + onehas: m,=ay,
Mo originates form the tetraquark condensate

Note, also, a tetraquark exchange naturally arises in nucleon-nucleon interactions

qqaq qqq

X
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Nuclear matter saturation and compressibilty U(
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Details in: S. Gallas, F. G:, G. Pagliara, Nucl.Phys. A872 (2011) 13-24 arXiv:1105.5003
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Inhomogeneous condensation at nonzero L
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Up to now : @ = const

...but one can have a Chiral Density Wave (Ansatz!):

9(z) = ¢cos(2 fz)
(7°)=¢sin(2f2)/ Z
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Inhomogeneous condensation/2

$#(z) =(0)=pcos(2 f2)
(7°)=¢sin(2f2)/ Z

m, = 460 MeV

¢, Xo MeV]
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A. Heinz, F.G., D. H. Rischke, Nucl.
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Phys. A 933, 34-42, 2015.
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The finite mode approach LUnuJ@rsutet
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“Wish list” for further calculations |

@ arbitrary modulations: o(x) is not an input
@ several inhomogeneous fields: o(x), m(x), w(x),
@ no limitations on the dimension of the model: 14+ 1, 1+ 2,

@ higher dimensional modulations: o(x, y), o(x,y, z),

New numerical tool: so-called “finite-mode approach”

Lattice inspired method, which allows to access all points of the
“wish list”.

Not so fast, there are a few limitations:
@ numerically complex
@ finite size corrections

@ optimization and tests

M. Wagner, arXiv:hep-ph/0704.3023v1 [hep-lat]
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1
i (7O +*mﬁt)m+2g (
i=1

in 1 + 1 dimensions renormalizable
asymptotic freedom

discrete chiral symmetry

e ¢ ¢ ¢

in the large N limit chiral symmetry is broken

M. Thies, K. Urlichs, [hep-th/0302092]
G. Basar, G. V. Dunne and M. Thies, arXiv:0903.1868 [hep-th]
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The finite approach for the GN model uf&ewet
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Effective action of the GN model:

1

S:Nc[ﬁ

fdzx o(x)* —In (detQ)] , Q@ =70, +vop+o(x)

Discretized effective action for a homogeneous condensate o(x) = o:

No—1 N 2
S o= 1 ! 2% /1 2 g, ZE 2r (1 2
— =hLilp —-— In ( (—+nn)) +(—n1) +o" —p —|—[E,u— (—+nﬁ)]
Ne 2) 2:-: Zwl {[ Lo \2 Ly Lo \2

@ finite spacetime volume [pl;
@ fermion fields as superposition of plane waves

@ finite number temporal modes Ny and space modes N
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The phase diagram of the GN model L',’Uf$6r5utet
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N

N7 1
LN =) b (17u0" +op + 7 + vysm) i + 52 (o +7°)
i=1

discrete chiral symmetry — continuous chiral symmetry

Analytic solution is known, only two phases are realized

t < t¢, all fi: chiral density wave
(o) ~ ¢pcos(2 i x) and () ~ @dsin(2 p x)

t > t., all fi: restored chiral symmetry

(c) =0and (n) =0
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The phase diagram of the chiral GN model
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The NJL model L
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Ne G N, 2 Ne 2
L= T — 5 [ Db ) + | D bt
i=0 = i=0 i=0

=[5 [ ex 0 —in@er @) . Q=20+ 2un+ ()

r

Looks similar but:
@ 1+ 3 dimensional model
@ not renormalizable
@ continuous chiral symmetry
@ regularization scheme effects phase diagram
)

computational effort increases strongly

D. Nickel, arXiv:0906.5295 [hep-ph] S. Carignano, M. Buballa, arXiv:1111.4400 [hep-ph]
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The phase diagram of the NJL model uf&mwt@t
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mgp = 350 MEV, N,‘ = 12[], and N(m — 124
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Summary and outlook U(
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@ relevance of inhomogeneous @ solid approach to calculate
phases at moderate densities inhomogeneous phases

extension to three flavours higher dimensional modulations

interweaving chiral spirals

e ¢ @

Q
@ further parity doublets
o

A resonances further effective models

@ spatial wpg modulations diquark condensation
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Thank You
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Three distinguished minima are

Uug [MeVfor’y present:

é |I'-'fE"- |

o} \/\/

\ / @ homogeneous nuclear matter
1 ground state (p = po) at
JEH:I:— / CEIJ = 149.5 MGV

E L - +vev1 @ local minima at ¢ = 38.3 MeV

with f # 0

@ vacuum ground state (p = 0)
at ¢ = 154.4 MeV

gy [MeY/fm "

@ as a function of the extrema of y, &o and f.
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Description of nuclear matter
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Bethe-Weizsacker formula:

AT AT
GO

0L @
o0 le e B
Volume Surface Coulomb Asymmetry Pairing
Z? (A-22)%
Eg = ayA — a,A*® — acoim —a——F—— + (A Z)

A: number of nucleons, Z: number of protons

For large systems A — oo and neglecting a.:

Eg/A(po) = E/A(po) — my = —16 MeV

with po = 0.16 fm™3 and my = 939 MeV.
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Nuclear matter: why does it bind? L
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The resonance fo(500), here interpreted as a tetraquark,
plays an important role for the stability of nuclear matter.

Related ‘amusing’ question: does nuclear matter binds at large Nc?

As soon as the lightest scalar fo(500) is not a quarkonium, nuclear matter
ceases to exist already for Nc=4.

Details in: L. Bonanno and F.G., Nucl.Phys.A859:49-62,2011 arXiv:1102.3367 [hep-ph]
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arXiv:1105.5003

Critical density at the onset of chiral restoration (first order):
pcrit /pO = 2'5
(slightly dependent on mo)
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The masses drop almost to zero above the critical value of the chemical
potential.
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